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Characteristic H3 N-tail dynamics in the nucleosome
core particle, nucleosome, and chromatosome

Ayako Furukawa,’ Masatoshi Wakamori,” Yasuhiro Arimura,® Hideaki Ohtomo," Yasuo Tsunaka,’

Hitoshi Kurumizaka,® Takashi Umehara,? and Yoshifumi Nishimura®-4.>*

SUMMARY

The nucleosome core particle (NCP) comprises a histone octamer, wrapped
around by ~146-bp DNA, while the nucleosome additionally contains linker
DNA. We previously showed that, in the nucleosome, H4 N-tail acetylation en-
hances H3 N-tail acetylation by altering their mutual dynamics. Here, we have
evaluated the roles of linker DNA and/or linker histone on H3 N-tail dynamics
and acetylation by using the NCP and the chromatosome (i.e., linker histone
H1.4-bound nucleosome). In contrast to the nucleosome, H3 N-tail acetylation
and dynamics are greatly suppressed in the NCP regardless of H4 N-tail acetyla-
tion because the H3 N-tail is strongly bound between two DNA gyres. In the chro-
matosome, the asymmetric H3 N-tail adopts two conformations: one contacts
two DNA gyres, as in the NCP; and one contacts linker DNA, as in the nucleosome.
However, the rate of H3 N-tail acetylation is similar in the chromatosome and
nucleosome. Thus, linker DNA and linker histone both regulate H3-tail dynamics
and acetylation.

INTRODUCTION

The nucleosome core particle (NCP) is a fundamental repeating unit of eukaryotic chromatin, comprising
two histone H2A-H2B heterodimers and one histone (H3-H4), tetramer, wrapped around by ~146 bp of
core DNA (Luger et al., 1997). The nucleosome contains, in addition to the NCP, variable lengths of linker
DNA, on which the linker histone H1 binds to produce the chromatosome (Simpson, 1978; Thoma and Kol-
ler, 1977). Although X-ray crystallography and cryo-electron microscopy (cryo-EM) methods have provided
detailed structures of NCPs, nucleosomes, and chromatosomes, atomic-resolution structures of the his-
tone N-tails remain elusive (Luger et al., 1997; Zhou et al., 2015; Bednar et al., 2017).

Post-translational modifications (PTMs) of histones, which mostly occur in their disordered N-terminal tails
(N-tails), play essential roles in transcription, replication, recombination, and DNA repair (Fischle et al.,
2003). The dynamics and PTMs of histones in NCPs, nucleosomes, and chromatosomes have been exam-
ined by nuclear magnetic resonance (NMR) spectroscopy. In the nucleosome, for example, NMR has shown
that the phosphorylated H3 N-tail is released from linker DNA to enhance its acetylation by the acetyltrans-
ferase Genb (Liokatis et al., 2016; Stutzer et al., 2016) and, together with molecular dynamics (MD) simula-
tions, that the H3 N-tail in the NCP interacts robustly but dynamically with core DNA (Morrison et al., 2018).

In addition, NMR recently revealed that tetra-acetylation of the H4 N-tail in the nucleosome causes dy-
namic structural changes in the H3 N-tail, which switches from an equilibrium of linker-DNA contact and
reduced-contact states to mainly a linker-DNA contact state, resulting in its enhanced acetylation by
Gen5 (Furukawa et al., 2020). Furthermore, partial replacement of core DNA in the NCP with the phosphor-
ylated acidic disordered (pAID) region of the histone chaperone FACT (facilitates chromatin transcription)
has been shown by NMR to induce H3 N-tail exposure, which in turn accelerates K14 acetylation by Gen5
(Tsunaka et al., 2020). The pAID-bound NCP adopts two H3 N-tail conformations: one that strongly con-
tacts two core DNA gyres; and one that weakly contacts the site comprising pAID and core DNA, resulting
in greater accessibility to Genb. It has also been reported that binding of linker histones to linker DNA af-
fects the interaction between the H3 N-tail and linker DNA (Zhou et al., 2021), while our recent study based
on NMR and MD simulations revealed that the N-tails of H2A and H2B in both the NCP and the nucleosome
adopt two distinct conformations depending on each other (Ohtomo et al., 2021).
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Figure 1. Signal changes of the H3 N-tail between the NCP and nucleosome

(A) Superposition of "TH-">N HSQC spectra of the H3 N-tail in the NCP (blue) and nucleosome (red) at 25 mM NaCl and the nucleosome at 500 mM NaCl
(black).

(B) Superposition of "TH-"°N HSQC spectra of the H3 N-tail in the NCP (blue) and nucleosome (red) at 500 mM NaCl.

(C) Expanded spectra of 13 residues with two separate signals. Shown are signals of the NCP at 25 mM NaCl (blue), 100 mM NaCl (purple), and 300 mM NaCl
(green), and the nucleosome at 25 mM NaCl (red) and 300 mM NaCl (magenta). Symbols indicate singlet signal (filled circle), high-field side of doublet signal
(filled triangle), and low-field side of doublet signal (filled square).

(D) Chemical shift differences of each residue of the H3 N-tail in the NCP at 25 mM NaCl (blue) and 500 mM NaCl (black) and in the nucleosome at 25 mM
NaCl (red) with their counterparts in the nucleosome at 500 mM NaCl.

(E) Backbone {'H}-">N heteronuclear NOE values of the H3 N-tail in the NCP at 25 mM NaCl (blue), nucleosome at 25 mM NaCl (red), and nucleosome at
500 mM NaCl (black). Error bars were calculated based on the signal-to-noise ratio.

(F) DNA interaction model of the H3 N-tail in the NCP. The H3 N-tail fluctuates dynamically between contact and non-contact states with the core DNA. The
H3 N-tail from R2 to L20 (BS1, L1, and BS24) exchanges between two forms within the two core DNA (PDB: 5avé).

(G) DNA interaction model of the H3 N-tail in the nucleosome. The H3 N-tail binds to linker DNA non-specifically in the nucleosome (PDB: 7K61).

See also Figure S1.

So far, several studies have indicated that the H3 N-tail interacts strongly with core DNA in the NCP
(Gatchalian et al., 2017; Morrison et al., 2018, 2021; Tsunaka et al., 2020), whereas it interacts with linker
DNA in the nucleosome (Stutzer et al., 2016; Furukawa et al., 2020; Zhou et al., 2021). To the best of our
knowledge, however, there has been no direct structural comparison of H3 N-tail dynamics in the NCP,
nucleosome, and chromatosome under the same or similar conditions.

In this study, we show that the dynamics of the H3 N-tail and rate of K14 acetylation by Gen5 are greatly
suppressed in the NCP, regardless of H4 N-tail acetylation, in contrast to the nucleosome, where H4
N-tail acetylation enhances both H3 N-tail dynamics and K14 acetylation. In the chromatosome (i.e., linker
histone H1.4-bound nucleosome), the H3 N-tail adopts two conformations—one NCP-like and one nucle-
osome-like—probably caused by the asymmetric binding of H1.4 to the nucleosome. However, the acet-
ylation rate of H3 K14 in the chromatosome is more similar to that in the nucleosome than that in the
NCP because the two conformations are in rapid equilibrium, probably due to the binding dynamics of
the linker histone H1.4.

RESULTS
H3 N-tail dynamics in the NCP

To explore the H3 N-tail dynamics, we first prepared 145-bp NCP and 193-bp nucleosome (with 24-bp
linker DNA on both sides) containing '>N/2H-labeled H3. In the NCP at 25 mM NaCl, the signals for almost
all amino acids (T3-T11, K14, A15, R17-Q19, A21-A29, and T32) showed clearly a high-field shift in the H
and/or "°N direction from the corresponding signals in the nucleosome at 25 mM NaCl, and a further high-
field shift from the corresponding nucleosome signals at 500 mM NaCl (Figure 1A), which in turn showed a
high-field shift from the corresponding signals of the H3 N-tail peptide fragment bound to DNA at 300 mM
NaCl (Figure STA). It seems likely that the H3 N-tail of the nucleosome at 500 mM NaCl is released from its
DNA-contact state, because all heteronuclear NOE values of the H3 N-tail amino acids were negative, indi-
cating that the H3 N-tail was fluctuating freely (Figure 1E). Thus, the H3 N-tail in the NCP at 25 mM NaCl
strongly contacts core DNA, probably between two DNA gyres, while the H3 N-tail in the nucleosome at
25 mM NaCl weakly contacts linker DNA.

In addition, we noticed that, in the NCP, the signals for R2-K9, A15, R17, Q19, K27, and K36 were clearly
split into a doublet signal and the Leu20 signal was not present. In the nucleosome, by contrast, almost
all amino acids except for R2 and Q5 showed a singlet signal (Figure 1C); notably, even the H3 N-tail pep-
tide bound to DNA showed a doublet signal only for Q5 (Figure STA). This suggests that the H3 N-tail
adopts two distinct conformations in the NCP, in contrast to its single conformation in the nucleosome.
Hereafter, we clarify each doublet in the NCP as the high-field and low-field component in the 'H and/
or "N direction by respective h and | subscripts following the single-letter amino acid representation,
for example, R2, and R2, for R2. The salt concentration dependence of the doublet signals indicated
that, in the NCP at 25 mM NaCl, both signals of the doublets correspond to DNA-contact states; in detail,
however, the T6,, R8), A15;,, R17y, Q19., and K27 components are likely to correspond to a stronger DNA-
contact state, while their Téy, R8y,, A15., R17,, Q19}, and K27,, counterparts seem to correspond to a slightly
reduced-contact state (Figure 1C). Thus, R2-K9, A15, R17, Q19, K27, and K36 contact core DNA via two
different conformations with similar affinity in the NCP at 25 mM NaCl.
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Figure 1D shows the chemical shift difference (CSD) of each of the H3 N-tail amino acids in the NCP or
nucleosome at 25 mM NaCl from their corresponding chemical shifts in the nucleosome at 500 mM
NaCl. Based on these CSDs, the H3 N-tail of the NCP can be divided into the following sections: DNA-con-
tact basic segment 1 (BS1, T3-510) and basic segment 2 (BS2, R17-528), which may be further subdivided
into BS2; (R17-L20) and BS2, (A21-528); linker L1, connecting BS1 and BS2; and linker L2, connecting BS2 to
the core (Figure 1D). As compared with the nucleosome, the CSDs of the NCP were significantly larger,
especially for Té, R8, R17, A21, and K23-528, which showed a difference of more than 0.1 ppm (Figure 1D),
suggesting that both BS1 and BS2, and particularly BS2,, strongly contact DNA. At 500 mM NaCl, the sig-
nals of the H3 N-tail of the NCP and nucleosome were very close to each other, except for the signal of V35
(Figures 1B and 1D), suggesting that, at high salt, the H3 N-tail in both the NCP and nucleosome is released
from contact with core or linker DNA and adopts a free conformation.

Next, we conducted 'H-">N heteronuclear Overhauser effect (NOE) experiments of the H3 N-tail in the
NCP and nucleosome to obtain information on protein dynamics on the pico- to nano-second timescale,
which reflects local conformational flexibility. The L2 region in both samples showed negative heteronu-
clear NOE values, but these values were significantly smaller than those of the H3 peptide bound to
DNA (Figures 1E and S1B). This result suggested that L2 in the NCP and nucleosome fluctuates randomly
similar to an unstructured conformation, but the fluctuations are restricted in accordance with the sur-
rounding DNA as compared with the DNA-bound H3 peptide. BS1, L1, and BS2 in both the NCP and
the nucleosome showed positive heteronuclear NOE values, indicating suppressed fluctuations. Notably,
T3-S10 (BS1), T11-A15(L1), R17, Q19 (BS24), A21, T22, A24-R26, and S28 (BS2,) in the NCP showed higher
heteronuclear NOE values relative to those in both the nucleosome and the H3 peptide bound to DNA,
especially, L1 in the NCP showed significant higher values (Figures 1E and S1B). Thus, BS1, L1, and BS2
in the NCP are likely to form a more rigid rod-like structure in the NCP than in the nucleosome, owing
to the binding of BS1 and BS2 to two core DNA gyres, which restricts the motion of L1. Thus, linker
DNA in the nucleosome increases the flexibility of the H3 N-tail from a rigid rod-like structure in the
NCP into a more flexible segmental dynamic structure consisting of BS1 and BS2 with flexible L1.

The significant CSDs and different heteronuclear NOE values of the NCP compared with the nucleosome
are caused by two different DNA-contact states: namely, contact to two core DNA gyres in the NCP (Fig-
ure 1F), and contact to linker DNA in the nucleosome (Figure 1G). The H3 N-tail signals are visible owing to
the dynamic fluctuation of the tail between DNA-contact and -free states. Based on the chemical shifts of
the H3 N-tails in the NCP and the nucleosome, together with those of the isolated H3 peptide-free and
bound to DNA, the populations of the DNA-contact states of the H3 N-tail are higher in the NCP than in
the nucleosome; thus, it can be safely said that the H3 N-tail dynamically contacts DNA more strongly in
the NCP than in the nucleosome.

In addition, it has been previously shown that the signals of the H3 N-tail in the NCP are nearly identical to
those of the isolated H3 N-tail peptide bound to the H3 N-tail-less NCP, less similar to those of the isolated
peptide bound to free DNA, and different from those of the free isolated peptide, revealing that the H3 N-
tail in the NCP robustly interacts with the core DNA of the NCP (Morrison et al., 2018). In addition, our pre-
vious NMR experiments showed that, in the NCP, the asymmetric partial replacement of core DNA with the
phosphorylated acidic disordered domain (pAID) of the histone chaperone FACT subunit SPT16 resulted in
asymmetric environments of the two H3 N-tails: one located around two conventional core DNA gyres,
which showed H3 N-tails signals corresponding to those in the conventional NCP; and the other located
around the pAID and one DNA gyre. Comparing the NMR signals with those of the H3 tail peptide bound
and unbound to DNA, we concluded that the H3 N-tail located in two DNA gyres contacts DNA with a much
higher population of DNA-contact states as compared with the H3 N-tail located around pAID and one
DNA gyre (Tsunaka et al., 2020; Figure 1F). Furthermore, we have previously shown that, in the nucleosome,
the H3 N-tail probably locates around the linker DNA (Furukawa et al., 2020). Together with those exper-
iments, our current findings indicate that the binding strength of the H3 N-tail of the NCP with core DNA is
stronger than that of the nucleosome with the linker DNA (Figure S1A).

Interestingly, in the HSQC spectrum of the NCP, R2-K9, A15, R17, and Q19 showed doublet signals, and
the signal of L20 (BS24) had disappeared, but almost all signals of the amino acids after L20 were singlet
except for K27 and K36 (Figure 1C). This suggests that the H3 N-tail from R2 to Q19 in the NCP adopts
two different conformations within the two core DNA gyres, and the exchange rate between the two
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conformations is on the intermediate or slow exchange timescale of NMR (Figure 1F). By contrast, the H3 N-
tail of the nucleosome fluctuates dynamically between contact and non-contact states with the linker-DNA
(Figure 1G). As previously reported, the H3 N-tail of nucleosome contacts the linker DNA using DNA-con-
tact basic segment 1 (BS1), BS2,, and BS2, (Furukawa et al., 2020).

K14 acetylation of the H3 N-tail in the NCP

To compare the efficiency of H3 K14 acetylation by the HAT domain of Gen5 between the NCP and the
nucleosome, we recorded time-resolved NMR spectra of K14 after the addition of Gen5 enzyme (Figure 2A).
In the nucleosome, the signal intensity of K14 gradually decreased and the signal for acetylated K14 ap-
peared. In the NCP under the same conditions, by contrast, the signal intensity of K14 did not change dur-
ing this time course (Figures 2A and 2B); thus, the rate of K14 acetylation was significantly slower in the NCP
(Figure 2B). Notably, however, the CSDs due to the acetylation of K14 in the NCP and the nucleosome were
similar to each other (Figures 2C and 2D), suggesting that the chemical environmental changes of the H3
N-tail induced by acetylation of K14 are similar in the two nuclear structures.

H4 N-tail dynamics in the NCP and H4-acetylated NCP

Because there were differences in H3 N-tail dynamics between the NCP and the nucleosome, we also
compared the H4 N-tail. We prepared NCPs and nucleosomes containing '°N/?H-labeled H3 and
15N/'3C-labeled H4. Signals corresponding to R3-A15 of the H4 N-tail were observed in the HSQC spectra
of both samples (Figure 3A). Almost all chemical shifts of the H4 N-tail residues were very similar between
the NCP and the nucleosome at 25 mM NaCl (Figure 3B), suggesting that the H4 N-tail adopts a similar
conformation in both the NCP and the nucleosome. The salt concentration-dependent chemical shift
changes of the H4 N-tails between the NCP and the nucleosome were similar (Figure S2), indicating no ef-
fect of the linker DNA. This suggests that the H4 N-tails of the NCP and nucleosome fluctuate similarly be-
tween contact and non-contact states with the core DNA and the ratios of the two states depend on the salt
concentration: at high salt, the non-contact state becomes the major population (Figures 31 and 3J). When
the individual signal intensities were calculated as a ratio of R3 signal intensity, however, the intensity ratios
of K8-K12 of the H4 N-tail were slightly higher in the NCP than in the nucleosome (Figure 3C), suggesting
that the H4 N-tail is likely to adopt a slightly more flexible conformation in the NCP than in the nucleosome,
although both H4 N-tails remain in a similar chemical environment.

We previously reported that the H3 N-tail in the nucleosome contacts DNA much more strongly after tetra-
acetylation of the H4 N-tail (Furukawa et al., 2020). Therefore, we prepared NCP containing SN/?H-labeled
H3 and ">N/"C-labeled H4 with acetylated K5, K8, K12, and K16. The three signals of K5, K8, and K12 of H4
in the NCP were clearly shifted up-field in the "H direction after acetylation, and a new signal for acetylated
K16 appeared, while the signals of other amino acids were slightly shifted except for R3 (Figure 3D), similar
to the corresponding chemical shift changes observed in the nucleosome after H4 tetra-acetylation (Fig-
ure 3E). The appearance of a signal for acetylated K16 in the NCP and the nucleosome suggests that
the tetra-acetylated H4 N-tail adopts a high flexible conformation in both as compared with the unmodified
H4 N-tail, as shown in Figures 3K and 3L. In the NCP alone, however, a new R17 signal appeared after H4
acetylation (Figure 3E), suggesting that R17 in the H4 N-tail fluctuates much more in the H4-acetylated
(H4ac) NCP than in the H4ac-nucleosome. Comparing the signal intensities of the H4 N-tail with and
without tetra-acetylation, all residues in both the NCP and the nucleosome showed a significant increase
in intensity upon H4 tetra-acetylation (Figure 3F); in other words, the H4 N-tail becomes more flexible after
H4 acetylation in both the NCP and the nucleosome. This strongly suggests that the H4 N-tail in the NCP
and the nucleosome is released from its DNA-contact state by H4 acetylation (Figures 3K and 3L).

In addition, after H4 tetra-acetylation, G9, L10, and G11 in the NCP showed an additional minor signal at a
position similar to that observed in the nucleosome (Figure 3G). Each minor signal was close to the corre-
sponding signal in the H4-unmodified NCP and nucleosome (Figure 3G), suggesting that the G9-G11 re-
gion adopts a minor DNA-contact state and a major reduced-contact state. The intensity ratio of the minor
signal to the major signal at each residue indicated that the minor signal was a little weaker for all residues
in the NCP than for their counterparts in the nucleosome (Figure 3H), suggesting that the H4 N-tail in the
NCP is in contact with DNA less frequently as compared with the nucleosome. Collectively, these results
show that tetra-acetylation of H4 increases the flexibility of the H4 N-tail both in the NCP and in the nucle-
osome, but the H4 N-tail fluctuates slightly more in the NCP than in the nucleosome.
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Figure 2. Comparison of H3 K14 acetylation between the NCP and the nucleosome

(A) Signal changes of K14 and acetylated K14 of the H3 N-tail in the NCP (blue) and nucleosome (red) after the addition of Genb.
(B) Comparison of K14 acetylation rate in the NCP (blue circle) and nucleosome (red circle) by time-resolved NMR
spectroscopy. Signal intensities were normalized by the initial signal measured before the addition of Gen5. Blue and red
lines represent the data fit to the exponential equation for the NCP and nucleosome, respectively.

(C) Superposition of "H-">N HSQC spectra of the H3 N-tail in the NCP (blue) and nucleosome (red), and the K14-
acetylated H3 N-tail in the NCP (green) and nucleosome (pink) in 25 mM MES (6.0), 25 mM NaCl, and 2 mM DTT.

(D) Chemical shift differences of H3 N-tail residues between the NCP and nucleosome (blue), and K14-acetylated H3
N-tail residues between the NCP and nucleosome (green) at 25 mM NaCl. Symbols indicate singlet signal (filled circle),
high-field side of doublet signal (filled triangle), and low-field side of doublet signal (filled square).
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Figure 3. Signal changes of the H4 N-tail due to H4 acetylation in the NCP and nucleosome

(A) Superposition of "H-">N HSQC spectra of the H4 N-tail in the NCP (blue) and nucleosome (red) at 25 mM NaCl. 3-N represents signals of the H3 N-tail.
(B) Chemical shift differences of H3 N-tail residues between the NCP and nucleosome at 25 mM NaCl. Asterisks indicate residues that were not observed.
(C) Normalized HSQC signal intensity of each H4 N-tail residue in the NCP (blue) and nucleosome (red). Signal intensities were normalized by the respective
R3 signal intensity. The intensities of G6, G7, G13, and G14 were not calculated because the signals of G6 and G7 overlapped with those of G13 and G14,
respectively.

(D) Superposition of TH-"°N HSQC spectra of the H4 N-tail in the NCP (blue) and H4-acetylated (H4ac) NCP (green) at 25 mM NaCl.

(E) Superposition of "H-">N HSQC spectra of the H4 N-tail in the H4ac-NCP (green) and H4ac-nucleosome (pink) at 25 mM NaCl.

(F) Signal intensities of the H4 N-tail in the NCP (blue), H4ac-NCP (green), nucleosome (red), and H4ac-nucleosome (pink). Asterisks indicate residues that
were not observed. G6 and G7 in the NCP and nucleosome overlapped with G13 and G14, respectively; G7 in the H4ac-NCP and H4ac-nucleosome
overlapped with G14.

(G) Expanded spectra of three residues of the H4 N-tail in the NCP and nucleosome. Shown are signals of the NCP (blue), H4ac-NCP (green), nucleosome
(red), and H4ac-nucleosome (pink). Centers of the major and minor signals are marked with a circle and square, respectively.

(H) Normalized signal intensities of G9, L10, and G11 residues in the H4ac-NCP (green) and H4ac-nucleosome (pink). Signal intensities were normalized by
the respective major signal intensity.

(1) DNA interaction model of the H4 N-tail in the NCP. The H4 N-tail interacts with core DNA in a highly flexible manner (PDB: 5avé).

(J) DNA interaction model of the H4 N-tail in the nucleosome. The H4 N-tail interacts with core DNA in a highly flexible manner (PDB: 7Ké1).

(K) DNA interaction model of the H4 N-tail in the H4ac-NCP. The H4-acetylated N-tail is mostly released from core DNA binding (PDB: 5avé).

(L) DNA interaction model of the H4 N-tail in H4ac-nucleosome. The H4 N-tail in the H4ac-nucleosome is mostly released from core DNA binding

(PDB: 7K61).

See also Figure S2.

H3 N-tail dynamics in the H4-acetylated NCP

Interestingly, H4 tetra-acetylation caused no significant chemical shift changes of the H3 N-tail in the NCP
in contrast to the nucleosome (Figure 4A). In addition, "H-">N heteronuclear NOE values of the H3 N-tail
were almost identical in NCPs with and without H4 tetra-acetylation (Figure 4B), suggesting that H4
tetra-acetylation has no effect at all on H3 N-tail dynamics in the NCP, in contrast to the H3 N-tail in the
nucleosome, which is induced to adopt a rather rigid structure after H4 tetra-acetylation (Figures 4D and
4E). Regardless of whether the H4 N-tail is acetylated or not, the H3 N-tail will be dynamically fluctuating
between contact and non-contact states with the core DNA (Figure 4D). On the other hand, the H3 N-tail in
the H4ac-nucleosome increases its frequency of contact with DNA at a location that was previously occu-
pied by the H4 N-tail (Figure 4E). However, the overall rigidity of the H3 N-tail in NCPs with and without H4
acetylation is much higher than that in the H4ac-nucleosome (Figure S3).

We examined whether there was a difference in the activity of H3 K14 acetylation by the HAT domain of
Genb between NCPs with and without H4 acetylation. As stated earlier, the acetylation rate was slowed in
the NCP as compared with the nucleosome; therefore, we increased the amount of enzyme 10-fold rela-
tive to the conditions used in the nucleosome reaction. Because the signal of H3 K14 overlaps with that
of H4-acetylated K8, we recorded time-resolved NMR spectra of H3 A15 in the NCP after the addition of
Gen5 (Figure 4C), and compared the rates of K14 acetylation of each H3 N-tail by using the intensity
changes of A15 signals. Whereas the acetylated H4 nucleosome showed a faster acetylation rate than
the unmodified nucleosome, we did not observe a significant difference in the rate of H3 N-tail K14 acet-
ylation after H4 tetra-acetylation in the NCP (Figures 4C and 4D). This result seems reasonable because
the chemical shift and heteronuclear NOE values in the NCP were not greatly altered by H4 tetra-
acetylation.

H3 N-tail dynamics in the chromatosome

There were significant chemical shift changes between the NCP and the nucleosome for the H3 N-tail, but
not so much for the H4 N-tail. To examine whether the H3 N-tail adopts a similar structure in the NCP asin a
heterochromatin-like structure, we added the linker histone H1.4 to the nucleosome and compared HSQC
spectra of the H3 N-tail among the NCP, nucleosome, and H1.4-bound chromatosome (Figure 5A). The
linker histone H1.4 titration experiment confirmed that the NMR sample of the chromatosome does not
contain the free nucleosome (Figure S4A). After adding the linker histone, the signals of R2, S10, T11,
G13,and A15in L1, K18 and Q19 in BS2,, and all residues in BS2; shifted toward the corresponding signals
of the NCP but did not overlap them (Figures 5A, 5B, and S4A). This indicated the DNA affinity of these
residues is much stronger in the chromatosome than in the nucleosome, but slightly weaker than that in
the NCP. On the other hand, in the chromatosome, the signals of 528, A29, A31, V35, and K36, located
in L2 near the core, nearly overlapped with the corresponding signals of the NCP.
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Figure 4. Signal changes of the H3 N-tail due to H4 acetylation in the NCP and nucleosome

(A) Expanded spectra of 11 residues of the H3 N-tail, for which minor peaks appeared after H4 acetylation in the
nucleosome. Shown are signals of the NCP (blue), H4ac-NCP (green), nucleosome (red), and H4ac-nucleosome (pink).
Centers of the major and minor signals are marked with a circle and triangle, respectively.

(B) Backbone {"H}-"°N heteronuclear NOE values of the H3 N-tail in the NCP (blue) and H4ac-NCP (green) at 25 mM NaCl.
Symbols indicate singlet signal (filled circle), high-field side of doublet signal (filled triangle), and low-field side of doublet
signal (filled square). Error bars were calculated based on the signal-to-noise ratio.

(C) Comparison of K14 acetylation rate by time-resolved NMR changes of A15 in the NCP (blue circle), H4ac-NCP (green
circle), nucleosome (red circle), and H4ac-nucleosome (pink circle). Gen5 enzyme was first added at 0.1 uM and increased
to 1 uM after 20 h. Signal intensities were normalized by the initial signal recorded before the addition of Gen5. Blue,
green, red, and pink lines represent the data fit to the exponential equation for the NCP, H4ac-NCP, nucleosome, and
H4ac-nucleosome, respectively.

(D) DNA interaction model of the H3 N-tail (blue) and H4-acetylated N-tail (green) in the H4ac-NCP. Regardless of
whether the H4 N-tail is acetylated or not, the H3 N-tail fluctuates dynamically between contact and non-contact states
with the core DNA (PDB: 5avé).

(E) DNA interaction model of the H3 N-tail (blue) and H4-acetylated N-tail (green) in the H4ac-nucleosome. The H3 N-tail
in the H4ac-nucleosome makes dynamic contacts with DNA at a location that was previously occupied by the H4 N-tail
(PDB: 7Ké1).

See also Figure S3.
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Figure 5. Comparison of H3 N-tail signals among the chromatosome, nucleosome, and NCP

(A) Superposition of "H-">N HSQC spectra of the H3 N-tail in the NCP (blue), nucleosome (red), and chromatosome (i.e., nucleosome bound to H1.4; black)
at 25 mM NaCl.

(B) Superposition of TH-"5N HSQC expanded spectra of the H3 N-tail in the NCP at 100 mM NaCl (blue), nucleosome at 25 mM NaCl (red), and
chromatosome (black) at 25 mM NaCl. Shown are the expanded spectra of 14 residues whose signals were shifted by the binding of H1.4.

(C) Expanded spectra of 10 residues with two signals due to binding of H1.4. Symbols indicate the NCP side of doublet signal (filled diamond) and
nucleosome side of doublet signal (filled hexagon).

(D) DNA interaction model of the H3 N-tail in the chromatosome. The BS2; region of the H3 N-tails adopts an NCP-like form, while the BS1, L1, and BS2,
regions of H3 N-tails adopt two conformations: an NCP-like form and a nucleosome-like form (PDB: 7K5Y). The positions of BS2, regions are likely to
correspond to the H3 N-tail densities observed in the cryo-EM structure (Zhou et al., 20217).

(E) Signal changes of K14 and acetylated K14 of the H3 N-tail in the nucleosome (red) and chromatosome (black) after the addition of Gen5.

(F) Comparison of K14 acetylation rate in the nucleosome (red circle) and chromatosome (black circle) by time-resolved NMR spectroscopy. Signal intensities
were normalized by the initial signal measured before the addition of Gen5. Red and black lines represent the data fit to the exponential equation for the
nucleosome and chromatosome, respectively.

See also Figure S4.

Interestingly, T3-K9in BS1, G12 and K14 in L1, and R17 in BS2; showed doublet signals after the addition of
H1.4 (Figures 5C and S4B). In each doublet, one signal was close to the corresponding signal of the NCP
and the other signal was close to the corresponding nucleosome signal, suggesting that BS1, L1, and BS2,
adopt two conformations—an NCP-like and nucleosome-like form—in the chromatosome (Figure 5D).

As shown above, R2-K9, A15, R17, Q19, K27, and K36 showed a doublet signal in the NCP, whereas almost
all amino acids except for R2 and Q5 showed a singlet signal in the nucleosome. In the chromatosome, the
R2p, A15., R17., and Q19;, components of the NCP signals apparently disappeared, while the counterpart
R2,, A15;, R17,, and Q19 components seemed to remain in similar chemical shift positions. Furthermore, in
the chromatosome, almost all of the NCP-like signals of T3-K? in BS1 showed doublet-like or broadened
characters with chemical shifts similar to those of the corresponding signals of the NCP at 100 mM NaCl
rather than the NCP at 25 mM NaCl (Figures 5C and S4B). This suggests that, in the NCP-like conformation
of the chromatosome, the H3 N-tail dynamically contacts two DNA gyres with slightly reduced affinity as
compared with the NCP at 25 mM NaCl, probably because binding of H1.4 to the nucleosome is dynamic
(Figure 5D).

In summary, the H1.4 titration experiment showed that segments of the H3 N-tail behave differently. While
BS2;, shows increased DNA contact in the chromatosome, the BS1, L1, and BS2; regions adopt two confor-
mations: a state of DNA contact with two DNA gyres as in the NCP, but with slightly reduced affinity; and a
state of weak contact with linker DNA similar to the free nucleosome (Figure 5D).

K14 acetylation of the H3 N-tail in the chromatosome

The above experiment showed that, in the chromatosome, the H3 N-tail adopts two conformers with con-
tact to linker DNA as in the nucleosome, and contact to two DNA gyres as in the NCP but with slightly
reduced affinity. We therefore compared the activity of H3 K14 acetylation by the HAT domain of Gen5 be-
tween the nucleosome and chromatosome under the same conditions. We found, however, that the rate of
K14 acetylation by Genb in the chromatosome was nearly identical to that in the nucleosome (Figures 5E
and 5F). This strongly suggests that the two NCP-like and nucleosome-like conformations equilibrate on
the timescale of the enzyme reaction, but not on the NMR or millisecond timescale.

DISCUSSION

In this study, we have shown that the dynamics of the H3 N-tail differ significantly between the NCP and the
nucleosome. Interestingly, in the chromatosome, the H3 N-tail dynamics show two forms corresponding to
NCP-like and nucleosome-like conformers. Although tetra-acetylation of H4 enhances the H3 N-tail acet-
ylation in the nucleosome, it has little effect in the NCP on the dynamics of the H3 N-tail or the rate of acet-
ylation by Genb.

It is interesting to note that, in the nucleosome, the H3 N-tail favors contact to linker DNA and disfavors
contact to two DNA gyres. This is probably caused by entropic effects in the linker-DNA contact state,
where much more flexible binding conformations of the H3 N-tail are likely to be allowed relative to binding
conformations in the two DNA gyres contact state, where the binding conformations are restricted by two
DNA gyres. For the amino acids R17-Q19 (BS24) and A21-528 (BS2,), the CSD between the NCP at 25 mM
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NaCl and the nucleosome at 500 mM NaCl was larger than the corresponding CSD between the nucleo-
some at 25 mM and the nucleosome at 500 mM NaCl (Figures 1A and 1D). This suggests that at least
BS2 of the H3 N-tail in the nucleosome binds to linker DNA (Figure 1G), while BS2 in the NCP binds
much more strongly to core DNA (probably two DNA gyres) than it binds to linker DNA in the nucleosome
(Figure 1F). This corresponds well with earlier studies showing that the H3 N-tail in the NCP robustly binds
to core DNA (Morrison et al., 2018, 2021), and that in an NCP variant in which DNA is partially by the pAID
region of FACT, the H3 N-tail strongly binds to the conventional nucleosome core site formed by two DNA
gyres rather than the site formed by a single DNA gyre and pAID (Tsunaka et al., 2020).

In the chromatosome, the core domain of linker histone H1.4 binds around the DNA dyad site, and its C-
and N-terminal tails are thought to bind to DNA (Hao et al., 2021; Zhou et al., 2015). It has been reported
that R78 of H1.4 is inserted into the minor groove of linker DNA (Zhou et al., 2021); therefore, it is thought
that the N-tail side of H1.4 in particular binds to linker DNA and inhibits binding of the H3 N-tail. In the chro-
matosome, the H3 N-tail showed an asymmetric character because of H1.4 binding: on the side of the H1.4
C-tail binding to linker DNA, the H3 N-tail bound to linker DNA as in the nucleosome; and on the side of the
H1.4 N-tail binding to near gyres formed by core and linker DNA, the H3 N-tail bound to two DNA gyres as
in the NCP (Figure 5D). Despite this asymmetric character, the acetylation rate of H3 K14 did not differ be-
tween the chromatosome and the nucleosome (Figures 5E and 5F). MD simulations have demonstrated
that the globular domain of H1 in the chromatosome has a highly dynamic character (Woods and Were-
szczynski, 2020; Wu et al., 2021). In addition, FRAP experiments have shown that the residence time of
H1 on chromatin is several minutes (Misteli et al., 2000). These results are consistent with our result that
the two conformations of the H3 N-tail—namely, NCP-like and nucleosome-like conformers—equilibrate
on the timescale of the acetylation enzyme reaction. The results mean that, in the presence of linker
DNA and linker histone H1, the H3 N-tail is not restricted to the contact state with two core DNA gyres,
but is more flexible.

Regarding the H4 N-tail, chemical shifts did not display a significant difference between the NCP and the
nucleosome (Figure 3A), and the magnitude of salt concentration-dependent changes in chemical shifts of
the H4 N-tail was small in both the NCP and the nucleosome (Figure S2). These results suggest the H4 N-tail
is highly flexible in both the NCP and the nucleosome (Figures 3l and 3J). In addition, recent studies have
reported that NMR signals of the H4 N-tail in the NCP are nearly identical to those of the free isolated pep-
tide (Rabdano et al., 2021). According to MD simulation, the H4 N-tail can search a large surface area from
superhelical location (SHL) +2 to SHL -2 on nucleosomal DNA in the NCP and the nucleosome (Rabdano
et al., 2021; Peng et al., 2021). In the crystal structure of the NCP, weak electron density of the H4 N-tail is
observed toward both SHL +2 (outward) and SHL -2 (inward) (Arimura et al., 2019). In the crystal structure,
packing interactions between a basic H4 tail patch of K16-R19 and an acidic patch of H2A-H2B are
observed between two neighboring nucleosomes (Luger et al., 1997); however, recent cryo-EM studies re-
vealed that this H4 tail-acidic patch interaction is rarely formed in solution (Bilokapic et al., 2018). Here,
although NMR signals corresponding to K16-R19 of H4 were not detected, it is certain that the R3-A15 re-
gion of the H4 N-tails is flexible.

We also compared the dynamics of H3 and H4 N-tails in the NCP and the nucleosome after tetra-acetylation
of H4. The appearance of signals of K16 and/or R17 of H4 N-tail indicates that the region near the root position
of the H4 N-tail is slightly released from DNA binding when the H4 N-tail is acetylated in both the NCP and the
nucleosome (Figures 3K and 3L). We previously reported that the H3 N-tail in the nucleosome contacts DNA
much more strongly after tetra-acetylation of the H4 N-tail (Figure 4E). Interestingly, no particular changes of
the H3 N-tail in the NCP were caused by H4 tetra-acetylation (Figure 4D). SAXS and FRET experiments have
shown that the ends of linker DNA approach each other when H4 N-tails are removed or acetylated. More-
over, the acetylated H4 N-tail promotes linker DNA end-to-end proximity, resulting in longer linker DNA (An-
dresen et al., 2013; Toth et al., 2006). Therefore, this may explain why the effect of acetylation of the H4 N-tail
was observed only on the H3 N-tail in the nucleosome, and not in the NCP.

H2A N-tails bind to nucleosomal DNA at SHL +4, whereas H2B N-tails are mostly bound at SHL +3 and
SHL +5 (Peng et al., 2021). Thus, it is possible that H2B N-tails compete with H3 N-tails on the nucleosomal
DNA gyres. On the one hand, our previous NMR study showed that the H2B N-tail adopts two different
conformations that are almost identical in both the NCP and the nucleosome (Ohtomo et al., 2021): we
did not detect any significant changes in the signals of the H2B N-tail between the NCP and the
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nucleosome. On the other hand, the dynamic structures of the H3 N-tails in the NCP and the nucleosome
differ significantly depending on the linker DNA. If there were any interactions between the H2B N-tail and
the H3 N-tail, the conformations of the H2B N-tail would be also affected by the linker DNA; however, no
effect of the linker DNA was observed, suggesting that the conformations of the H3 N-tail and the H2B N-
tail are independent. H2A N-tails might interact with H4 N-tails on nucleosomal DNA. The H2A N-tail and
H4 N-tail showed similar dynamics in both the NCP and the nucleosome independent of the linker DNA;
thus, the plausible interactions between the H2A N-tail and the H4 N-tail are independent of the linker
DNA, suggesting that the behavior of the H3 N-tail is independent of the interaction between the H2A
and H4 N-tails.

In summary, the present study has shown that the flexibility of the H3 N-tail increases in the order of the
NCP, chromatosome, and the nucleosome; and both linker DNA and linker histone regulate the dynamics
of the H3 N-tail. Therefore, the analysis of post-translation modifications related to heterochromatin may
need to be performed using chromatosome. Moreover, like the H3 N-tail, the H2A C-tail may interact
dynamically with the linker DNA. In future studies, it will be interesting to use NMR to elucidate the compe-
tition for linker DNA between H2A C-tail, H3 N-tail, and linker histone H1.

Limitations of study

Based on structural biology and in vitro biochemical data, we showed that the H3 N-tail dynamics is greatly
affected by H4 acetylation in nucleosome but not in NCP. In addition, we showed that the H3 N-tail in chro-
matosome adopts NCP-like and nucleosome-like conformations. To reveal the relationship between the
localization of linker histone H1 and the modifications of histone H3 and H4 N-tails, additional in vivo
data on chromatosome would be required in future works.
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RESOURCE AVAILABILITY
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Dr. Yoshifumi Nishimura (nisimura@yokohama-cu.ac.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability
This study did not generate datasets and code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All genes were subcloned into expression plasmids and expressed in Escherichia coli.

METHOD DETAILS

Preparation of nucleosome

The two DNA fragments of 145 and 193 bp were based on the Widom 601 sequence (Lowary and Widom,
1998) and purified as previously described (Arimura et al., 2012). Unlabeled human H2A and H2B histones
were expressed and purified as previously described (Moriwaki et al., 2016). 2H/"N/"3C- and 2H/">N-
labeled human H3 histone was expressed and purified by a published method (Tsunaka et al., 2020).
13C/"*N-labeled or unlabeled H4 and H4 containing acetyl-lysine (Taiyo Nissan Co. Ltd.) were synthesized
by cell-free protein synthesis (Wakamori et al., 2015). The H4-acetylated and unmodified nucleosomes were
reconstituted as described (Wakamori et al., 2015). His6-SUMO-tagged H1.4 protein was produced in
E. coli BL21 (DE3) cells, carrying the minor tRNA expression vector (Codon(+)RIL) as described previously
(Machida et al., 2016).

The reconstructed NCP, Hd4ac_NCP, nucleosome, and H4ac_nucleosome were analyzed by native PAGE,
using a gel containing 6% acrylamide (acrylamide: bisacrylamide = 59:1) in 0.2 x TBE buffer, and subse-
quent staining with ethidium bromide (Life Technologies) (Figure S5A).

NMR spectrometry

NMR experiments were performed on AVANCE 600-MHz and AVANCE Il HD 950-MHz spectrometers with
a triple-resonance TClI cryogenic probe (Bruker Bio Spin) at 298 K using 20-110 uM samples dissolved in
25 mM MES (pH 6.0), 25-500 mM NaCl, 2 mM DTT, and 5% D,0O. Three-dimensional transverse relaxation
optimized spectroscopy (TROSY) of HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, and HN(CO)CACB
was used to obtain sequential assignments of the backbone "H, "3C, and ">N chemical shifts of the H3 and
H4 N-tails in the NCP and nucleosome. NMR data were processed by NMRPipe (Delaglio et al., 1995), and
analyzed by Magro (Kobayashi et al., 2007), NMRViewdJ (Johnson and Blevins, 1994: One Moon Scientific,
Inc., Westfield, NJ, USA), and PINT (Ahlner et al., 2013). Averaged chemical shift differences were calcu-
lated by the equation [(AH N)2+(AN/5)2"%, where AHN and AN are chemical shift differences of the amide
proton and nitrogen atoms, respectively.

Heteronuclear NOE experiments

{"H}-">N heteronuclear NOE experiments of ?H/">N-labeled H3 in the nucleosome were performed at 298
K on an AVANCE 600-MHz spectrometer (Kay et al., 1989). {"H}="°N heteronuclear NOE values were calcu-
lated from the intensity ratio of signals in spectra acquired with and without pre-saturation of the amide
protons. Errors in NOE measurements were estimated on the basis of root-mean-squared values of the
background noise.

Linker histone H1 titration experiment

The unlabeled linker histone H1.4 was added step-by-step so as to reach the ratios 0of 0.15,0.3, 0.5, 1.0, and
1.5to the nucleosome containing ">N/?H-labeld H3. In each step, the precipitation that occurred during the
titration process was removed and the "H—""N HSQC spectrum of the supernatant of the nucleosome/H1.4
solution was acquired at 298K. In the "TH—">N HSQC spectrum with 1.5 equiv of H1.4 added, we confirmed
that there were no signals of nucleosome, indicating all the nucleosomes in the NMR solution were the
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H1-bound form (chromatosome) (Figure S4A). Nucleosomes with linker histone H1.4 added in ratios of 0.5,
1.0, and 1.5 were confirmed by electrophoresis at 4°C on a 7.5% native-PAGE in 1 Tris-glycine buffer with
visualization by SYBR Gold nucleic acid gel stain (Figure S6).

NMR real-time monitoring of acetylation reaction

Acetylation of H3 K14 in the nucleosome, H4ac-nucleosome, and chromatosome (20 pM) were carried out
in 25 mM NaPB (pH 6.8), 25 mM NaCl, 2 mM DTT, and 5% D,0O with 250 uM acetyl-CoA and 100 nM Gen5
(Enzo Life Sciences) at 303 K. Acetylation of H3 K14 in the NCP and H4ac-NCP (20 uM) were carried out with
250 uM acetyl-CoA and 1 pM Gen5 (Enzo Life Sciences) at 303 K. Modification reactions were monitored by
'H-"N TROSY-HSQC NMR experiments. The signal intensities obtained were fitted to the exponential
equation by using the program GLOVE (Sugase et al., 2013).

QUANTIFICATION AND STATISTICAL ANALYSIS

The intensities and chemical shifts of signals in NMR spectra were quantified using Magro (Kobayashi et al.,
2007), NMRViewd (One Moon Scientific, Inc., Westfield, NJ, USA), and PINT (Ahlner et al., 2013). Averaged
chemical shift differences were calculated by the equation [(AHN)?>+(AN/5)?]”%. Errors in NOE measure-
ments were estimated on the basis of root-mean-squared values of the background noise. The signal in-
tensities obtained by NMR real-time monitoring were fitted to the exponential equation by using the pro-
gram GLOVE (Sugase et al., 2013).
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